Chloroperoxidase (CPO) purified from Caldariomyces fumago CMI 89362 was covalently bound to aminopropyl-glass by using a modification of an established method. Acid-washed glass was derivatized by using aminopropyltriethoxysilane, and the enzyme was ionically bound at low ionic strength. Further treatment with glutaraldehyde covalently linked the enzyme to the glass beads in an active form. No elution of bound activity from glass beads could be detected with a variety of washings. The loading of enzyme protein to the glass beads was highest, 100 mg of CPO per g of glass, at high reaction ratios of CPO to glass, but the specific activity of the immobilized enzyme was highest, 36% of theoretical, at low enzyme-to-carrier ratios. No differences in the properties of the soluble and immobilized enzymes could be detected by a number of criteria: their pH-activity and pH-stability profiles were similar, as were their thermal stabilities. After five uses, the immobilized enzyme retained full activity between pH 6.0 and 6.7.
The potential uses of peroxidases extend to fields such as analytical diagnosis (21) , pharmaceuticals (K. E. L. Bjorck, Swedish patent SE 425,593, 1982; E. Hasegawa and T. Kobayashi, U. S. patent 4, 379, 141, 1983) , and removal of toxic wastes (24) . In this last area, peroxidases have been shown in laboratories to efficiently remove carcinogenic aromatic amines from aqueous industrial effluents (17) , phenols from coal-conversion wastewaters (4, 18) , low-molecular-weight color bodies from pulp mill effluents (27) , and flavored aromatics from drinking waters (9) . Despite these potential uses and glowing predictions (22) , the industrial application of peroxidases has been limited (24) , mainly because of their relative instability, high isolation and purification costs, and the difficulty in recovering active enzyme after completion of the catalytic process (16) .
Chloroperoxidase (CPO) is a 42,000-molecular-weight heme glycoenzyme produced by Caldariomyces fumago (23) . It is a protein of 321 amino acids, with predominantly acidic residues (8) and a pl in the range of 3.2 to 4.0 (28) . The structural gene of this peroxidase has been isolated, cloned, and sequenced by Hager and co-workers (8, 25) . Like most peroxidases, CPO catalyzes the peroxide-dependent oxidation of a wide spectrum of organic and inorganic compounds (24) . CPO can be produced by C. fumago grown in a defined fructose-salts medium, in a semicontinuous or continuous manner, and at up to 0.5 to 0.8 g of enzyme per liter (2, 5, 6) . Under these conditions, it is the only protein secreted and is readily purified from the culture medium. In the absence of the substrate, soluble CPO is stable below 40°C and between pH 3 and 5.5 (19, 28 immobilization (24) . In this paper, we describe the covalent binding of CPO to porous glass beads and report some characteristics of the immobilized enzyme.
MATERIALS AND METHODS
Chemical and carriers. Glutaraldehyde (25%), 3-aminopropyltriethoxysilane (APES), N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), the porous glass carriers (pore size, 7.5, 17.0, 24.0, and 54.0 nm; 200 to 400 mesh size), and the 17.0-nm-pore-size aminopropyl-glass were from Sigma Chemical Co., St. Louis, Mo.
CPO purification. CPO was isolated and purified from the medium of C. fumago CMI 89362 (Commonwealth Mycological Institute, Kew, Surrey, England) after growth in fructose-salts medium (13) . The purified enzyme had a heme-to-protein coefficient (Rz, A402:A280) value of greater than 1.4 and a specific activity of 1,600 p,mol of dichlorodimedome formed per minute per milligram of protein, determined on the basis of the loss of A278 when monochlorodimedone is chlorinated (23) . The purified enzyme was stored at -20°C until use.
Aminopropylation of glass beads. For aminopropylation of glass beads (26, 32) , glass beads first were heated for 1 h in 10% nitric acid at 80 to 90°C and extensively washed with water. Acid-washed glass (1 g) was then heated for 3 h at 70°C with 20 (32) and the modified glutaraldehyde-cross-linking method, respectively. In the glutaraldehyde-cross-linking method, the enzyme reaction step with the carrier precedes the glutaraldehyde treatment; 2 and 300 mM refer to the concentrations of the washing buffer, potassium phosphate (pH 6).
binding and the glutaraldehyde steps, the reaction was first allowed to proceed under reduced pressure to remove air from the pores of the carrier. Each experimental variation was carried out in duplicate or triplicate.
Measurement of immobilized enzyme. The amount of CPO bound to the carrier was determined both indirectly, from enzyme content of the reaction supernatant and washings, and by direct measurement. Direct measurement of enzyme was determined (i) from the activity of the immobilized enzyme, on the basis of the specific activity of the soluble form, and (ii) from the amount of protein solubilized from the carrier by alkaline hydrolysis by using the modified Lowry assay (see below).
Enzyme assay. The activity of soluble and immobilized CPO was determined by a colorimetric assay described previously (14) , on the basis of the catalytic oxidation of TMPD in the presence of H202. The reaction mixture contained the enzyme, 20 mM TMPD, and 1 mM hydrogen peroxide in 1 ml of 100 mM potassium phosphate buffer (pH 6.0) for the soluble enzyme or 5 (32) . In this method the glass is first converted to the aminopropyl derivative, by using APES, and then treated with glutaraldehyde, and finally the enzyme is covalently linked through free amino groups to the glutaraldehyde. Coarse 40-mesh glass, which sediments rapidly, was used in these early studies. Aminopropyl-glass was prepared by using the aqueous reaction, which was found to result in a higher loading of enzyme to the glass compared with reactions in toluene or acetone (26) . However, subsequent treatment of the aminopropyl-glass with glutaraldehyde, followed by reaction with the enzyme, resulted in a low coupling yield of 6 Fig. 1 , where path I represents the method of Weetall (32) and route II indicates the modified method with higher coupling yield. By comparing the coupling yields of the two methods, a twofold increase was found with the modified method.
The ratio of CPO to aminopropyl-glass in the initial binding reaction influenced the amount of enzyme bound to the carrier and the specific activity of the final product. Up to "Reactions contained different amounts of CPO and 20 mg of aminopropyl controlled-pore glass (CPG-240) in 1 ml. After glutaraldehyde treatment and washing, the protein content (CPO-bound protein) was determined by the modified Lowry method and the activity (CPO-bound activity) was determined by the TMPD assay.
7% enzyme-to-carrier ratio resulted in a relatively constant 85 to 90% attachment which declined at higher ratios (Table  1) . However, the specific activity of the preparation was highest at the lowest enzyme-to-carrier ratio. The specific activity increased over fourfold by decreasing the CPO from 20 to 0.1% of the carrier. To determine if the low specific activity was a result of the lack of surface area of the glass beads, beads of similar mesh sizes but different porosities were used as carrier. A comparison of CPO binding to glass of four pore sizes is shown in Table 2 . Although there appeared to be a decrease in bound enzyme on a weight basis as pore size increased, in fact the amount bound on a surface area basis increased. Characteristics of immobilized CPO. To determine the conditions for maximum stability and catalytic activity and to ensure efficient use of the immobilized enzyme, pH optima, stability to storage, and operating conditions were studied.
The activities of soluble and immobilized CPO were compared by using TMPD oxidation at pH values ranging from 2.75 to 7.0. During the course of the reaction, the pH of the reaction mixtures did not change, but controls were used to compensate for the pH-dependent autooxidation of TMPD. The pH-activity profiles of both systems indicated two pH optima, one near pH 2.8 and the other near pH 6.0. The curves of soluble and immobilized CPO were almost superimposable (Fig. 2) . A slight increase in the relative (10) . CPO was ionically bound to a set of aminopropyl-glass (20-mg samples) of different pore sizes in 2 mM phosphate buffer (pH 6.0). The ionically bound enzyme preparations were subsequently washed with 2 mM buffer (pH 6.0) and then treated with 0.5 ml of 2.5% glutaraldehyde in 5 mM buffer (pH 6.0). The immobilized enzyme materials were washed with phosphate buffer of high ionic strength (500 mM, pH 6). (1 mM) , and the enzyme in 1 ml of 100 mM buffer for the soluble enzyme or 5 ml for the immobilized enzyme. Activities of soluble (0) and immobilized (0) CPO are shown.
specific activity of the immobilized CPO was also observed at the neutral pH optimum, but both soluble and immobilized enzyme expressed higher TMPD oxidation at the acidic pH optimum. These two peaks presumably correspond to the halide-dependent and halide-independent activities of CPO (31) . This biphasic profile resulted from the presence of chloride in the reaction mixture, which was derived from the dihydrochloride salt of the substrate TMPD.
Studies of the effect of long-term storage on the stability of soluble CPO indicated that, in the absence of substrates, the enzyme was stable at 22°C over a pH range of 3.5 to 5.5. Under these conditions, the enzyme retained more than 50% of its original activity after 15 days but lost 75% of its activity between pH 6.0 and 7.0 (28). In this study, at 5°C, both soluble and immobilized CPO preparations displayed good stability over a broad pH range, from 3.1 to 6.0, with more than 85% of the initial activity retained after a 2-week storage period (Fig. 3) . At pH 7, the enzyme activity was greatly affected within 2 days, but there appeared to be an enhancement in the stability of the immobilized preparation. After the initial loss, about 50% of the initial activity was retained in the immobilized form, representing about a 2.5-fold increase in stability over the soluble CPO and implying that immobilization reduces the rate of alkaline denaturation (19) . After 4 weeks at 5°C, more than 75% activity was still retained by both soluble and immobilized enzyme in the pH range of 3.1 to 6.0.
The analysis of the effect of temperature on the stability of soluble and immobilized CPO indicated that CPO, like horseradish peroxidase (30) , is no more stable to temperature inactivation in the immobilized form than in the soluble form. In both forms, CPO lost complete activity after 1 h at 60°C. However, the enzyme retained over 85% of its initial activity at room temperature after prolonged exposure to 400C.
Since the conditions for maximum catalytic rates are not necessarily optimal for enzyme stability, the effects of reaction conditions on the stability of immobilized CPO were investigated. By using a series of 5-min TMPD oxidation assays, the reaction supernatant was removed at the end of each reaction, and the enzyme preparation was washed twice before the addition of fresh reagents. The immobilized enzyme demonstrated greatest stability at pH values near neutrality (Fig. 4 [inset] 5 .0 (0), 5.5 (A), 6 .0 (O), and 7.0 (-). The activity of the enzyme was determined periodically by using a 5-min TMPD oxidation assay at pH 6.0. activity was retained at pH values between 6.0 and 6.7, and at pH 5.2 and below the activity was progressively lost. The stability profile of CPO during operation (Fig. 4) was constructed by using the data shown in the inset.
DISCUSSION
In contrast to other enzymes (3), only low coupling of CPO to derivatized glass was achieved by using the glutaral- Reaction pH. (32) . This indicated that the procedure either was not suitable for CPO or reflected an intrinsic property that this enzyme has a low specific activity in the immobilized form. CPO is an anionic enzyme, and the pIs of its isozymes range from 3.2 to 4.0 (28) . Thus it has a large excess of acidic over basic residues (23, 25) and does not readily take part in immobilization coupling reactions that involve amino groups required for the formation of an aldimine bond with glutaraldehyde (16) . Although the Weetall method appeared to be unsuitable for CPO immobilization, lower but significant levels of bound enzyme were achieved with this method, suggesting that a reaction mechanism other than solely Schiffs base formation between glutaraldehyde and the enzymatic functional groups is involved (11, 16, 29) . With this modified method, CPO was found to bind ionically to aminopropyl-glass at pH 6 under low-ionic-strength conditions. Cross-linking this ionically bound CPO with glutaraldehyde produced a covalently linked enzyme which was not removed by washing with high-ionic-strength buffers. This modification of the Weetall method is suitable for immobilizing CPO to a rigid matrix so it may be recovered and reused.
Large amounts of CPO could be bound to the matrix, on the basis of protein determinations, but the specific activity of these preparations was low. Presumably, many layers of enzyme were being built up on the glass beads, and this interfered with catalytic activity. Highest-specific-activity preparations were achieved at the lower enzyme-to-carrier ratios. Once bound, only traces of activity were eluted from the beads with a variety of buffer washes. Immobilized CPO exhibited no special stability characteristics compared with the soluble enzyme, with the possible exception of enhanced alkaline stability. However, the ability to recover and reuse the immobilized CPO four times without apparent loss of activity indicates that the method has potential for the immobilization of anionic enzymes in general and for the long-term use of CPO in particular. 
